ABSTRACT
tissues in the human body. This capability is enabled in part by their extraordinary mechanical 27 deformability where discoid-shaped RBCs, 8 µm in diameter and 2 µm in thickness, can repeatedly 28 deform through microcapillaries less than 2.5 µm in diameter, as well as inter-endothelial clefts in the 29 spleen ranging from 0.5-1 µm.
1 A loss of this extraordinary deformability can result in microvascular 30 occlusion and impairment of blood flow, leading to tissue necrosis and ultimately, organ failure. 2 Not 31 surprisingly, the loss of RBC deformability is associated with the pathology of many diseases including 32 malaria, [3] [4] [5] [6] hemoglobinopathies, 4-8 and micronutrient deficiencies. 9,10 Therefore, the analysis of RBC 33 deformability presents a potential means to develop a biophysical signature for rapidly analyzing disease 34 status and severity. A key limitation in the development of such biophysical signatures is that 35 pathological cells often comprises of only a small subset of the overall cell population. Therefore, a large 36 number of cells need to be tested in order to ensure that sufficient sampling of the pathological cells. 37
Traditional technologies for characterizing RBC deformability can be divided into bulk flow methods and 38 single cell methods. Bulk flow methods, such as ektacytometry 11, 12 and micropore filtration, 13 27, 28 and transit pressure through constrictions (or the measurement of pressure required 48 to deform single cells through constrictions). 29 Hydrodynamic stretching requires precise lateral cell 49 alignment in a flow stream, which is difficult to achieve for RBCs. 24 Furthermore, cell deformability is 50 quantified by observing the stretched cells using a high-speed camera and specialized microscopy 51 equipment, and as a result, exclude this technique from many point-of-care applications. Wedging in 52 tapered constrictions relies on optical measurements of the position of compressed RBCs with 53 micrometer accuracy and therefore has limited sensitivity. 25 Transit time through constrictions measures 54 the relaxation of the RBC membrane in response to bending. 27 Transit pressure through constrictions 55 mimic the physiological transport of RBCs through the microvasculature, as well as the mechanism of 56 splenic clearance, and is therefore potentially highly sensitive to disease pathologies. 29 Both transit time 57 and transit pressure techniques, however, rely on pushing multiple RBCs through a single micro-meter 58 scale constriction and are therefore limited by rigid cells obstructing the constriction. This problem is 59 especially pronounced in the analysis of RBCs infected with malaria, where increased rigidity and 60 cytoadherence of the parasitized RBCs greatly increase the potential for obstructing the constriction. 61
Furthermore, a key issue for all three constriction-based methods (wedging, transit time, and transit 62 pressure) is the need to multiplex the measurement process in order to achieve sufficient throughput to 63 profile heterogeneous RBC samples where pathological cells comprise of a small subpopulation. 64
However, previous multiplexing mechanisms have not been able to ensure that consistent deformation 65 pressures are applied uniformly to each constriction, and therefore limiting their ability to distinguish 66 healthy and pathological red cells 30 . 67
To address the need for populational single-cell profiling of RBC deformability, we developed the 68
Multiplexed Fluidic Plunger (MFP) mechanism, which deforms multiple single RBCs simultaneously 69 through a linear array of micrometer scale funnel-shaped constrictions using a saw-tooth pressure 70 waveform. Our key innovation is the ability to ensure each cell is deformed using an identical pressure, 71 which is achieved through a self-compensating fluidic network that delivers a consistent pressure 72 simultaneously to an array of constrictions irrespective of position in the array and the presence of cells 73 in the constrictions. We apply this mechanism to determine the deformability profile of in vitro samples 74 of RBCs infected with Plasmodium falciparum, the parasite that causes malaria, to demonstrate the 75 potential to detect a pathological subpopulation in a heterogeneous cell sample. 76
RESULTS AND DISCUSSION

77
Mechanism Principles 78 79
Figure 1. The fluidic plunger mechanism. (A) When a cell is not trapped in a constriction, the applied 80 pressure (P 2 -P 1 ) is distributed across the deformation microchannel; (B) When a cell is trapped in a 81 constriction, the applied pressure focuses across the cell. 82 83
The principle of transit pressure measurements can be understood by considering the infusion of a 84 single cell into a microchannel containing a constriction with a cross-section smaller than the diameter 85 of the cell. Before the cell reaches the constriction, the applied pressure is distributed across the 86 microchannel. Once the cell flows into the constriction, it forms a temporary seal with the constriction 87 to blocks the flow of liquid. Consequently, the applied pressure focuses across the cell, effectively acting 88 as a fluidic plunger to remotely push on the cell (Figure 1) . Varying the applied pressure while observing 89 the position of the cell enables the measurement of the pressure required to push the cell through the 90 constriction. The cross-section of the constriction is selected to allow the cell to establish a temporary 91 seal against the constriction. For RBCs, a 1.5 -2.0 µm wide constriction with a thickness of 3.0 -3.7 µm 92 was found to be appropriate. To estimate the potential error in the magnitude of P D for a device with N deformation microchannels, 124
we consider the worst-case pressure error, which occurs between when the deformation microchannels 125 are occupied with only a single cell and when the deformation microchannels are completely filled with 126 cells. The pressures measured across the deformation microchannels in these two situations can be 127 estimated as follows: 128 1) Deformation microchannels occupied with a single cell: 129
2) Deformation microchannels completely occupied: 130
where N is the number of parallel deformation microchannels, P CD is the pressure drop across the 131 loading and deformation microchannels and R D and R L are the hydrodynamic resistance of the 132 deformation and loading microchannels, respectively. The resulting multiplexing error can therefore be 133 estimated as, 134
Therefore, maximizing R D /R L based on a desired number of parallel deformation microchannels 135 minimizes the multiplexing error. Since significant natural variability exists for most biological systems, a 136 multiplexing error of less than 3% is considered to be sufficient to observe most pathological effects. 137
Device Design 138
The multiplexed fluidic plunger device is a single layer PDMS microfluidic device consisting of parallel 139 deformation microchannels, bypass microchannels, loading microchannels, and inlet microchannels, 140
where the geometries of these microchannels are designed to ensure that a consistent and precisely 141 controlled pressure is simultaneously applied to all deformation microchannels (Figure 3 and 4) . 142
As discussed in the previous section, the deformation microchannel consist of a single constriction in a 143 much longer microchannel. The length of the microchannel is selected to maximize its hydrodynamic 144 resistance relative to the loading microchannel in order to minimize multiplexing error according to 145 equation 3. The geometry of the deformation microchannel is also selected to match the intended cell 146 sample. For RBCs, the thickness of the deformation microchannels is selected to be similar to the 147 thickness of the RBCs to orientate the cells into the planar configuration as they deform through the 148 constrictions ( Figure 3E, 3F) . Indeed, if the deformation microchannel is too thick, the RBCs would rotate 149 to a perpendicular orientation to the plane of the microchannel and could transit through the funnel 150 constriction without creating a temporary seal required for the fluidic plunger effect. In our studies, 151 normal human RBCs are tested using a microchannel thickness of 3.0 µm. While a deformation 152 microchannel thickness of 3.7 µm was used for RBCs parasitized by P. falciparum, which may contain 153 altered membranes and irregular bulges. 32 The maximum number of deformation microchannels is 154 limited by the field of view of the microscopy equipment since all the deformation microchannels must 155 be simultaneously visualized in order to identify the threshold pressure of each individual RBC. For the 156 purposes of the experimental validation, a prototype containing 34 channels was developed. 157
The purpose of the bypass microchannel is to provide a microchannel parallel to the deformation 158 microchannels with significantly smaller hydrodynamic resistance in order to dictate the pressure 159 applied across the deformation microchannels ( Figure 3A) . Specifically, we selected the hydrodynamic 160 resistance of the bypass microchannels to be ~0.002 times the combined hydrodynamic resistance of 161 the deformation microchannels (Table 1) . Additionally, the bypass microchannel combines with the inlet 162 microchannels to attenuate pressure applied from an external source. Typical pressures required to 163 deform single RBCs through a 1.5 to 2 µm funnel-shaped constriction range between 1 to 25 Pa
31
. Such 164 small pressures are extremely difficult to generate reliably using external instrumentation and therefore 165 require additional fluidic circuitry to produce the necessary pressure on-chip. The pressure divider fluidic 166 circuit, used previously by others, 33,34 produces an attenuated pressure from an external source using a 167 segment of a long microchannel. For this device, the long microchannel is the inlet microchannel while 168 the segment is the bypass microchannel ( Figure 3A) . Therefore, the attenuation factor (α) is the ratio of 169 the hydrodynamic resistances of the bypass microchannel (R B ) and inlet microchannels (R A ) as 170 The purpose of the loading microchannel is to infuse RBCs into the mouth of the deformation 183 microchannels ( Figure 3G ). As discussed in the previous section, the magnitude of the multiplexing error 184 is determined by the ratio of the hydrodynamic resistance of the loading microchannel and the 185 deformation microchannels. Therefore, it is desirable to decrease the resistance of the loading 186 microchannels as much as practically feasible. However, if the resistance of the loading microchannel is 187 too small, then the relative fluid flow into the deformation microchannel will be too small and the time 188 to load the deformation microchannels with RBCs will be unreasonably long. In practice, for a device 189 with 34 parallel deformation channels, we found that a R L /R D ratio of 0.0007 reduced the multiplexing 190 error to <3% (Equation 3, Table 1 ) and allowed for RBCs to be loaded into the deformation microchannel 191 in a reasonably amount of time. 192
The bifurcation of the sample flow in the loading and bypass microchannels around the deformation 193 microchannels also performs the important function of ensuring that an identical pressure is applied 194 simultaneously to all deformation microchannels. Specifically, since the inlet of the deformation 195 microchannels are spatially separated along the loading microchannels, the pressure at these inlet 196 points will vary along the loading microchannel as shown in Figure 3D . However, since the outlet of the 197 deformation microchannel is also distributed along another loading microchannel with matched 198 geometry, the pressure difference across all of the deformation microchannels are kept at a constant 199 value of P D . The pressure distribution in the loading and bypass microchannels has been modeled using a 200 finite element model, which confirmed the consistency of the pressure difference across the 201 deformation microchannels (Supplemental Figure 1 and 2) . Table 1 . 
Measurement Process and Data Processing 217
Threshold deformation pressure measurements involve initially filling the device with buffer fluid by 218 pressurizing the outlet reservoir. Once the device is filled, the sample is pipetted into the inlet reservoir. 219
Next, a small pressure, insufficient for the RBCs to transit the constrictions, is applied to load the cells 220 into the entrance of the constriction. Once most of the constrictions are occupied by RBCs, the applied 221 pressure is incrementally increased while recording a video of the deformation process. The 222 experimental setup requires <10 minutes, while the process of infusing RBCs in to the 34 deformation 223 channels and then applying the deformation pressure requires ~1 minute. 224
The threshold deformation pressure is determined from the recorded video and pressure-time data. 225 Video analysis software was developed to perform threshold pressure measurements in a semi-226 automated fashion by converting the recorded videos of the deformation process into a rapidly human 227 readable format. To reliably detect the deformation of single cells through the constrictions, the position 228 of the constrictions must be first detected to accommodate small variations in the position and angle 229 within the camera's field of view. To register the position of the funnel constrictions, the boundaries of 230 the device are detected using the distinct lines of the device to create a smaller area for refined device 231 position registration. To achieve acceptable alignment with the expected cell transit region, small 232 alignment markers on either side of the deformation microchannels are detected. In the event that 233 these side markers are not visible due to poor focus the user can also manually align the device. To 234 generate the human readable view, the critical points in each funnel are converted into their respective 235 intensity values and graphed on a color graded chart representing the intensity over time 236 (Supplementary Figure 1) . Because cells transiting the constriction create an abnormality in the intensity 237 of the constriction, the transit of a cell is very apparent. Additionally, this process helps to identify when 238 cells become too rigid to deform and are stuck at the funnel constriction. Coupled with the displayed 239 graph is a cursor-driven live-updating video viewer, which dynamically focuses a near zoomed field of 240 view and allows the user to quickly look through the video in search of the point where each RBC 241 transits through the constriction to record the corresponding applied pressure. 242
Mechanism Evaluation 243
To experimentally validate the ability of the MFP mechanism to eliminate the multiplexing error, we 244 measured the threshold deformation pressures from nearly empty (defined as ≤10% funnels occupied) 245 and nearly full (defined as ≥80% funnels occupied) funnel arrays using identical fresh RBC samples. The 246 distributions of the threshold pressures from these two cases are statistically identical (p=0.45, 247 The sensitivity of the MFP mechanism was established by measuring the deformability profiles of RBC 255 samples treated with small amounts of glutaraldehyde (GTA). GTA is a common fixative agent, which 256 induces cross-linking and stabilization of proteins in the red blood cell membrane and thus artificially 257 reduces their deformability in a concentration dependent manner. 35, 36 Control and GTA treated-RBCs 258
were measured using the same device. The RBC deformability patterns obtained ( Figure 4B ) using the 259 MFP device can reliably differentiate between control and 0.0005% GTA-treated RBCs (p<0.005), which 260 is similar to or better than the sensitivities of ektacytometry and other microfluidic methods. The key strength of the MFP mechanism is its ability to measure multiple single cells simultaneously to 273 perform a robust, high-throughput profiling of a RBC population. This capability enables the detection 274 and analysis of subsets of pathologic cells, which is precisely the situation in malaria, where parasitized 275
RBCs typically account for a fraction of the overall population. We initially verified the reduced 276 deformability of infected RBCs (iRBCs) grown in vitro by separately testing the uninfected and infected 277 RBC sample. Purified iRBCs were obtained using magnetic separation, which preferentially selects for 278 the advanced stages (trophozoite and schizont) of infection. Expectedly, these iRBCs were significantly 279 less deformable than control RBCs (p<0.0001) obtained from the same donor ( Figure 5A) . 280
To investigate the potential to use multiplexed single-cell deformability profiling to detect malaria 281 infection in vitro, the deformability profiles of iRBC samples were tested at various parasitemia levels. 282
The deformability profile for a typical iRBC sample at 12±1% parasitemia is shown relative to control in 283
Figure 5B 
where N(P) is the distribution of the measured pressures and P M is the median of N(P) calculated using 299 1000 mbar. Pressure measurements are performed with the microfluidic device mounted on an inverted 382 microscope (Nikon Ti-U) while observed using a 20X objective and a 1.45 megapixel Digital CCD camera 383 (QIClick-F-M-12, QImaging). An in-house data acquisition software was developed in which the field of 384 view of the microscope and the applied pressures of the different ports are simultaneously visualized. 385 386
